Introduction
Recent work suggests that mitochondrial dysfunction may play a central role in producing the biochemical abnormalities that are characteristic of the sepsis syndrome (1) (2) (3) (4) (5) . For example, studies by Crouser et al show that alterations in tissue oxygen consumption during the development of sepsis correlate with histological evidence of mitochondrial damage, but have no relationship to levels of oxygen delivery (5) . This has led to the assertion that alterations in mitochondrial metabolism may be the major cause of abnormalities in oxygen extraction, oxygen consumption, lactate generation and organ dysfunction in the sepsis syndrome (2) (3) (4) (5) .
Skeletal muscle comprises approximately 50% of body mass. As a result, abnormalities in tissue oxygen utilization in this large organ account for a significant portion of the metabolic derangements that are associated with the induction of sepsis (4, 6, 7) . In keeping with this concept, one recent study found severe reductions in skeletal muscle mitochondrial function were present in many critically ill patients with sepsis, with poor mitochondrial function a predictor of substantially increased mortality (4) .
Despite these important observations, there is much that remains unknown regarding alterations in mitochondrial function during the development of sepsis or following endotoxin administration. Previous studies have only described sepsis and endotoxin induced changes in mitochondrial function in gross terms (e.g. overall reductions in oxygen consumption). In theory, sepsis or endotoxin administration could alter mitochondrial oxygen consumption by affecting any one of several cellular pathways (the Krebs cycle, the adenine nucleotide translocase, the electron transport chain, or the ATP synthase) by any one of several different biophysical mechanisms (i.e. sidegroup modification of pathway protein constituents, proteolytic degradation of pathway components, disruption of organelle membrane integrity, dissegregation of mulitprotein complexes, activation of specific signaling pathways).
The purpose of the present study, therefore, was to test the specific hypothesis that endotoxin administration evokes a depletion of specific electron transport chain complex subunit proteins and that this protein depletion, in turn, causes a severe reduction in the ability of the electron transport chain to accept electrons from NADH.
Studies were performed using control rats and rats sacrificed at several time points following endotoxin administration. Our hypothesis was tested by isolating diaphragm mitochondria from control and endotoxin treated animals and making the following comparisons: (a) mitochondrial oxygen consumption, (b) electron transport chain function, and (c) electron transport chain subunit protein composition (8) .
Some of the results of these studies have previously been presented in abstract form (9) .
Methods

Animal Preparation
Studies were performed in adult male rats (Harlan) weighing between 250 and 350 grams in accordance with IACUC guidelines. Animals were housed in the Animal Resource Center with food and water allowed ad lib.
We studied groups of control animals (n=13) and animals sacrificed at either 12, 24, 36 or 48 hours after endotoxin administration (n=14, 14, 14, 13, respectively).
Endotoxin (E.coli lipopolysaccharide, Sigma Chemicals, St. Louis, MO, USA) was administered intraperitoneally as 8 mg/kg/day (i.e. a single dose in animals studied at 24 hours, two doses for animals studied at 48 hours). Control animals were injected with 1 cc saline/day as placebo. All animals received 60 ml/kg/day saline subcutaneously to prevent dehydration. At the time of sacrifice, animals were anesthetized with pentobarbital (50 mg/kg intraperitoneally), the abdomen was opened, and the abdominal aorta was isolated, cannulated, and flushed with mitochondrial isolation buffer (see: online supplement for composition). Excised diaphragms were used for immediate mitochondrial isolation or frozen and stored for BN-PAGE determination.
Diaphragm Mitochondrial Isolation and Measurements of Mitochondrial Oxygen
Consumption
Diaphragm mitochondria were isolated and parameters of oxidative phosphorylation including State 3, State 4, and 2,4-dinitrophenol (DNP) stimulated respiration rates were measured using previously described techniques (6, 10) .
Additional detail on the method for making these measurements is provided in an online data supplement.
NADH Oxidase Assay
The NADH oxidase assay (10) was performed on to assess the respiration rate of isolated, uncoupled mitochondria in response to addition of exogenous NADH; a reduction in this rate indicates an inhibition of mitochondrial complex electron transport.
Mitochondrial Protein Assessment Using BN PAGE Blue Native Polyacrylamide Gel Electrophoresis (BN PAGE) was used to isolate individual mitochondrial multiprotein complexes according to the methods of Schagger et al. (8) . This two-dimensional method consists of isolating intact native mitochondrial protein complexes in an initial preparatory gel (see Figure1, Panel A), followed by separation and resolution of mitochondrial protein complex polypeptide subunits from individual complexes using a denaturing Tricine-sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) (see Figure 1 , Panel B). Intact electron transport chain complexes were isolated followed by electroelution (Elutrap, Schleicher & Schuell, Keene, NH, USA). Equal amounts of eluted total protein (10 µg) from Complexes I, III, IV and V were separated on denaturing polyacrylamide gels. Samples from control and septic animals were run in adjacent lanes, visualized with silver stain and differences quantified by densitometry. Bands were numbered for each complex (from high to low molecular weights) and specific proteins of interest were subsequently identified using tryptic digest/MALDI-TOF techniques. Additional detail on the method for making these measurements is provided in an online data supplement.
Statistical Analysis
All data are expressed as mean + SEM. Statistics were performed using SigmaStat (SPSS Inc., Chicago, IL, USA). Comparison of parameters across experimental groups was accomplished using ANOVA analysis; the Student-NeumanKeuls post-hoc test was used to determine significance for individual experimental conditions. A p value < 0.05 was taken to indicate statistical significance. Additional detail on the statistical analysis is provided in an online data supplement.
Results
Diaphragm Oxygen Consumption Following Endotoxin Administration
We observed no significant alterations in any assessed mitochondrial parameters up to 12 hours after endotoxin administration. At later time points, however, we observed significant reductions in state 3 respiration rates and in the respiratory control ratio (Table 1 and Figure 1 , Panel A). Endotoxin administration had no appreciable effect on state 4 respiration rates or on the ADP/O ratio, suggesting that sepsis did not result in "uncoupling" of oxidative phosphorylation (Table 1) . Administration of a chemical uncoupling agent (DNP) stimulated respiration to values similar to state 3 respiration rates for samples from both control and endotoxin treated animals. As a result, respiration rates with addition of the chemical uncoupler DNP were also lower for the endotoxin treated group as compared to control animals ( Table 1) .
NADH Oxidase Assay Following Endotoxin Administration
NADH oxidase assays were performed to exclude the possibility that the lower respiration rates observed for endotoxin treated animals were solely due to depletion of cellular NAD/NADH stores. We found that permeabilization of mitochondria and direct 
Analysis of Mitochondrial Complex Protein Subunits by BN-PAGE
Using blue native protein electrophoresis, we were able to separate intact mitochondrial electron transport chain complexes for diaphragm samples from control and endotoxin treated animals ( Figure 2 ). We observed no obvious difference in the intensity of intact complex bands between control and endotoxin treated samples. In contrast, when using denaturing techniques to resolve individual electron transport chain proteins from control and endotoxin treated animals, we found significant reductions in selective protein bands in Complexes I, III, IV and V. Tryptic digest/MALDI TOF was then used to identify electron transport chain protein bands found to be significantly changed in response to sepsis (Table 2) . Using this technique, we successfully identified each of seven proteins found to decrease in response to sepsis, and also identified the single electron transport chain protein which increased (see Table 2 ).
A representative second dimension gel comparing Complex I diaphragm mitochondrial samples from a control and an animal treated with endotoxin for 48 hours is shown in Figure 3 Representative and mean data for Complex IV gels are presented in Figure 5 .
Endotoxin administration evoked a large reduction in the Cox III subunit of complex IV (p<0.05 for protein level of Cox III at 48 hours as compared to control). In addition, endotoxin elicited a large increase in Cox IV subunit levels by 48 hours (p<0.05). This represents the only subunit protein observed to increase in response to endotoxin administration. As a loading control, we also present protein levels for Cox I, which was unaffected by endotoxin administration.
Representative and mean data for Complex V gels are presented in Figure 6 .
Endotoxin produced a significant reduction in subunit b, which decreased to 40 ± 10% of control at 48 hours after endotoxin administration (p<0.05). For comparison, endotoxin administration had no effect on the gamma subunit of Complex V.
Note that the time course of the reductions in the content of the seven band found to decrease following endotoxin adminsitration roughly paralleled the alterations we observed in mitochondrial state 3 respiration rates and NADH oxidase activity, with little or no reduction in band intensity at 12 hours, and with large reductions in protein content between 36 and 48 hours (see Figures 3, 4 , 5, and 6).
Discussion
The major findings of the current study are: (1) diaphragm State 3 mitochondrial oxygen consumption is markedly reduced following endotoxin administration, (2) endotoxin also reduces NADH oxidase activity for diaphragm mitochondrial isolates, suggesting that diaphragm state 3 respiration rates are decreased because of reductions in electron flow through the electron transport chain, and (3) 
Mitochondrial Oxygen Consumption in Sepsis
Tissue oxygen utilization is clearly altered in sepsis and following endotoxin administration, with lactic acidosis often developing despite the presence of a high cardiac output and seemingly adequate bulk delivery of blood and oxygen to tissues (1-5, 11, 12) . This apparent paradox has led to the concept that alterations in tissue oxygen extraction and utilization in bacterial sepsis and following endotoxin administration may be due to an intrinsic impairment in cells to utilize oxygen due to mitochondrial dysfunction (1) (2) (3) (4) (5) . In support of this concept, several reports using recently described fluorescent indicator techniques to assess regional oxygen levels have shown that oxygen levels remain quite high in many tissues in sepsis at the same time that significant alterations in tissue metabolism occur (13) (14) (15) . In addition, isolated perfused organ studies in septic animals have shown that raising regional blood flow to high levels does not improve impairments in tissue oxygen extraction or lactate generation (5). Moreover, Crouser et al found that sepsis produced significant alterations in mitochondrial ultrastructure, as assessed histologically, and concomitant abnormalities in tissue oxygen extraction at a time when tissue oxygen levels remained high (5).
One of the organs whose function is severely compromised in bacterial sepsis and following endotoxin administration is the diaphragm (16) . For example, in the dog animal model of endotoxin induced sepsis, respiratory failure due to diaphragmatic dysfunction is the proximate cause of early death (16) . In keeping with this observation, diaphragms excised from endotoxin treated animals generate forces in vitro that are typically a fraction of achieved by specimens from control animals (17, 18) . A number of abnormalities have been reported to contribute to the development of sepsis and endotoxin-induced diaphragmatic failure, including alterations in diaphragm mitochondrial function (6, 7, 19, 20) . Recent studies have reported severe reductions in mitochondrial ATP generation capacity and an abnormally heightened production of free radical species (reactive oxygen species) by diaphragm mitochondrial isolates from endotoxin treated animals (21). Both phenomena may affect diaphragm force generation (22, 23).
While these prior studies demonstrated significant alterations in diaphragm mitochondrial respiration following endotoxin administration, these experiments were limited in scope (6, 7) . No previous study performed specific assays to determine if electron transport chain NADH utilization was impaired and none have identified specific electron transport chain protein abnormalities. The present study extends these previous observations. We used a combination of the NADH oxidase assay, conventional assessments of state 3, 4 respiration, and assessment of respiration rates in response to addition of a large dose of an exogenous chemical uncoupler to define the type of mitochondrial abnormality responsible for endotoxin-induced alterations in mitochondrial respiration. For the NADH oxidase assay, we permeabilized mitochondria, permitting direct delivery of NADH to the electron transport chain. If the major endotoxin-induced alteration in mitochondrial metabolism was an alteration at "upstream" metabolic sites (e.g. altered activity of Krebs cycle enzymes, impaired NADH transport, inadequate NAD reserves), then isolates from control and endotoxin treated animals should have had identical NADH assay results. Instead, we found that NADH oxidase rates were significantly lower for samples from endotoxin-treated animals, indicating that the endotoxin-induced respiratory defect lies within or distal to the electron transport chain.
We also found that respiratory rates in response to administration of DNP, a potent chemical uncoupler, were lower for samples from endotoxin treated animals than for samples from controls. These data further limit the site of the observed defect, ruling out the possibility that endotoxin-induced alterations are due to changes in ATP synthase or transport of ATP or ADP into and out of mitochondria. The fact that ADP/O ratios were not affected by endotoxin indicates this stress did not alter respiration by causing mitochondrial uncoupling. As a result, our data indicates that endotoxin administration alters diaphragm mitochondrial function and oxygen consumption primarily by reducing electron flow through Complexes I, III, and IV.
Diaphragm Mitochondrial Electron Transport Chain Complex Alterations in Sepsis
We observed dramatic reductions in 7 electron transport chain proteins in response to endotoxin administration, including depletion of 2 subunits of Complex I, 3 components of Complex III, one protein in Complex IV and one protein in Complex V.
While it is possible that at least some of these proteins were not depleted but were structurally modified and migrated differently on our gel, we did not routinely observe the development of new bands or increased band density for any complex save for the one band found to increase in Complex IV. We therefore do not think we overestimated the degree of endotoxin-induced subunit protein loss. On the other hand, the technique we used to isolate proteins could have resulted in loss of the most severely damaged mitochondria during centrifugation (i.e. these disrupted mitochondria would disintegrate and not be included in the fractions used for mitochondrial functional and protein analysis). In addition, it is possible that some of the proteins isolated from endotoxin treated animals may be functionally inactive even though still present on the protein gel (24). As a result, we may have underestimated, to some degree, the effect of endotoxin administration on mitochondrial protein content, and the true magnitude of electron transport chain protein depletion may be even greater than that shown in Figures 3, 4, 5 and 6.
It is important to consider the potential functional consequences resulting from loss of the particular subunits found to be depleted by endotoxin in this study. Recent work indicates that the NADH dehydrogenase 24 kDa subunit of Complex I is critically important for Complex I function (25) .
Experimental generates an electrogenic potential that drives protons across the mitochondrial membrane, producing the mitochondrial transmembrane hydrogen ion electrochemical gradient (30) . As a result, depletion of these particular protein subunits would be expected to have major effects on electron transport chain function, impairing electron flow and maintenance of transmembrane potential gradient.
The potential effect of depletion of the other subunits noted in Table 2 is less clear. Little is also known regarding the Cox III subunit of complex IV, but it is thought that this protein must play some role in complex function or structure because it is highly conserved across species. It has been speculated that this subunit may play a role in proton pumping, but the consequence of loss of this subunit is not known (31, 32) .
Subunit b of complex V is a structural component of the "stalk" region of this complex connecting the catalytic and membrane portions of ATP synthase (33, 34) . The effects produced by depletion of this particular subunit have not been examined.
It is worth noting that cytochrome b and Cox III subunits are mitochondrially encoded while the other subunits found to be depleted are encoded by nuclear DNA. In addition, many other nuclear and mitochondrially encoded proteins did not appear to be depleted by our BN-PAGE analysis, so it is difficult to argue that the pattern of subunit depletion observed is just on the basis of reduced translation of proteins from either mitochondrial or nuclear gene pools. On the other hand, five of the depleted proteins contain metal ion complexes (i.e. NADH dehydrogenase 24 kDa subunit, cytochrome b, cytochrome c1, Rieske Iron Sulfur Complex protein, and Cox III) (35) (36) (37) . In addition, PSDW is intimately bound to two Fe-S complexes in its normal configuration, and is highly susceptible to modification by reactive oxygen species (26) (27) (28) (29) . As a result, one possible explanation for the pattern of protein depletion observed in the present study is that metal centers result in increased susceptibility of proteins to oxidative modification as the result of metal-catalyzed reactions (i.e. the Fenton reaction) using superoxide as a substrate. Such a possibility is in keeping with previous research indicating that mitochondrial superoxide generation is increased following endotoxin and that administration of free radical scavengers preserves mitochondrial function in this condition (6, 7) .
Yet another possibility is that the seven proteins found to be depleted were selectively targeted for proteolytic degradation by a proteosomal-like process.
Mechanisms of mitochondrial protein degradation are not the same as for cytosolic proteins, however, and there is no current evidence that E3 ligases play a role in modulating mitochondrial protein degradation.
Limitations and Potential Implications
One potential limitation to this study is that the regimen of endotoxin given to these animals may have induced some degree of hypotension. We tried to ameliorate the potential severity of this problem by administering a substantial bolus of fluid (60 ml/kg/d of saline) to animals. In addition, it is known that the working diaphragm has tremendous autoregulatory blood flow capabilities and can maintain blood flow in the face of levels of hypotension that readily compromise most other organ beds (38) .
Despite these factors, some degree of hypoperfusion may have occurred following endotoxin administration in the present study. It is not clear, however, if hypotension per se can induce the pattern of electron transport chain protein alterations observed in the present experiments. No previous study, in any tissue, has shown that ischemia or ischemia/reperfusion induces a selective loss of electron transport chain components. In addition, some work indicates that endotoxin administration can induce mitochondrial dysfunction even in the absence of hypotension (39) . An important goal of future experiments will be to try to determine the exact physiological and biochemical processes responsible for evoking the pattern of electron transport chain depletion observed in the present study.
Another limitation is that our assessment was confined to analysis of diaphragm muscle mitochondria. It is conceivable, however, that endotoxin and/or bacterial sepsis may also evoke electron transport chain protein depletion in limb skeletal muscle, heart, and other organs. If so, the phenomenon examined in the present study may represent a fairly generalized process responsible for widespread sepsis induced alterations in mitochondrial function. Therapeutic interventions that can prevent these abnormalities may provide a means of reducing sepsis-mediated organ failure. 
207 ± 4 207 ± 8 177 ± 7 * 105 ± 7 * 101 ± 1 * * Statistically different from control. RCR is the respiratory control ratio (State 3 respiration rate/State 4 respiration rate), ADP/O is the ratio of ADP utilized per nanoatom of O consumed, DNP is 2,4-dinitrophenol, a mitochondrial uncoupling agent. Tryptic Digest/MALDI-TOF To identify protein subunits that were found to increase or decrease significantly in sepsis by BN-PAGE analysis, we performed additional second dimension Tricine gels of eluted proteins of intact electron transport chain complexes and stained these gels with Simply Blue SafeStain (Invitrogen, Carlsbad, CA, USA). Target protein bands from these secondary SDS-PAGE gels were excised and exposed to tryptic digest, followed by MALDI-TOF to generate peptide digests maps. In brief, excised bands were washed, dried, trypsin added, 2%TFA added to stop digestion, and samples were then loaded onto a MALDI-TOF target plate. Spots were run on a 4700 Proteomics Analyzer to generate a peptide mass fingerprint. MSMS was performed on the top 10 peaks to determine amino acid sequences and database interrogation used to identify proteins.
Statistical Analysis
All data are expressed as mean + SEM. Statistical calculations were performed using SigmaStat (SPSS Inc., Chicago, IL, USA). Comparison of parameters across experimental groups was accomplished using ANOVA analysis; the Student-NeumanKeuls post-hoc test was used to determine significance for individual experimental conditions. A p value < 0.05 was taken to indicate statistical significance. For densitometric analyses of BN-PAGE complex protein bands, we measured the optical density of adjacent pairs of bands in control and endotoxin treated samples. The protein band in the sample from the endotoxin treated animal was normalized to the value obtained for the control sample. Each comparison was performed 6 times, and the average of these 6 replicants is presented in Figures 3, 4 , 5, and 6.
